Introduction
Alkylbenzenes are one of the major components in diesel fuels [1] and fundamental knowledge of the chemical kinetics of alkylbenzene fuels is required for further improvement of diesel engines. Carbon numbers for alkylbenzenes in U.S. market diesels for diesel components range in size from approximately C9 to C20 [2] [3] . Mueller et al. chose n-butylbenzene to be the representative species for alkyl-aromatics in eight components surrogate mixtures targeting two different diesel fuels [3] . Although diesel fuels contain alkylbenzenes with larger side-chains than n-butylbenzene, a study of alkylbenzenes with smaller side-chains, like n-butylbenzene, is a necessary first step to develop a fundamental understanding that can be used to develop chemical kinetic mechanisms of larger alkylbenzenes.
There has been extensive previous work on alkylbenzenes. Starting with the small alkylbenzenes, measurements and modeling studies have been performed for ignition delay times for toluene [4] - [12] , ethylbenzene [9] - [14] , xylenes [9] [12] [14] - [17] and n-propylbenzene [9] [10] [18] - [20] at various temperatures and pressures. In the case of n-butyl benzene, ignition characteristics as well as flame characteristics have been studied. In early work, Roubaud et al. measured ignition delay times of n-butylbenzene using a rapid compression machine in the low-temperature region (600-900 K), at compressed pressures of up to 20 bar, for stoichiometric mixtures of [O 2 ]/[inert] = 0.27 (air) [9] and 0.37 [15] , and compared the reactivity of n-butylbenzene to similar xylenes. Modeling of the observed low-temperature oxidation of n-butylbenzene was conducted by considering an n-butane mechanism and taking into account the change of reactivity due to the introduction of the aromatic ring [21] .
In our previous work on n-butylbenzene, Husson et al. [22] obtained experimental results for its oxidation using three different methods: ignition delay time measurements in a rapid 4 compression machine over a temperature range of 640-960 K, at compressed pressures from 13 to 23 bar, and at equivalence ratios of 0.3 to 0.5; ignition delay time measurements using a shock tube over a temperature range of 980-1740 K, at reflected shock pressures of 1, 10, and 30 atm, for equivalence ratios of 0.3, 0.5, 1.0 and 2.0; species concentration measurements in a jet-stirred reactor over a temperature range of 550-1100 K, at atmospheric pressure, and at equivalence ratios of 0.25, 1.0, and 2.0. They found a large role of the addition to molecular oxygen of resonantly stabilized, 4-phenylbut-4-yl radicals.
n-Butylbenzene has been investigated in other fundamental experimental devices. Diévart and Dagaut [23] studied the diluted oxidation of n-butylbenzene using a jet-stirred reactor over the temperature range 550-1150 K at 10 atm for equivalence ratios from 0.25 to 1.5.
Won et al. [24] and Ji et al. [25] studied n-butylbenzene extinction limits of counter-flow diffusion flames at atmospheric pressure. Ji et al. also reported laminar flame speeds of n-butylbenzene/air mixtures at equivalence ratios from 0.7 to 1.5 and at atmospheric pressure.
Pousse et al. [26] studied the high temperature behavior of methane/n-butylbenzene/O 2 /Ar mixtures by measuring temperature and species concentration profiles in a low pressure flat flame at 6.7 kPa, at an equivalence ratio of 0.74, with a ratio of methane/n-butylbenzene of 13.5%, and with an oxygen mole fraction of 36.8%. In these studies [24] and [25] , kinetic models of n-butylbenzene were extensively validated using the experimental results. However, the temperature, pressure and equivalence ratio conditions of these experiments do not fully cover those experienced in diesel engines, especially at low-temperature, high-pressure, and high equivalence ratio conditions. Experimental results over a wider range of conditions are necessary to develop and validate a chemical reaction mechanism for diesel engines as well as obtaining a fundamental knowledge of the chemical kinetics under these relevant conditions.
The objective of this study is to measure and predict ignition delay times for n-butylbenzene/air mixtures over a wide range of temperatures, pressures, and equivalence 5 ratios. Using both a rapid compression machine and a shock tube, the experimental conditions ranged over temperatures of 730-1360 K, pressures of 10, 30, 50 atm, and equivalence ratios of 0.3, 0.5, 1.0 and 2.0. Our previous mechanism which described only high-temperature chemistry has been updated to include the low-temperature reactions in which the fuel radicals add to molecular oxygen and proceed to chain branching through a series of isomerization reactions. Measured ignition delay times have been compared with the model predictions and the detailed oxidation of n-butylbenzene is described.
Experimental

Rapid compression machine
Ignition delay times at low temperature were measured using an opposed-piston rapid compression machine originally developed by Affleck and Thomas at Shell-Thornton [27] and re-commissioned at NUIG in the late 1990s [28] [29] . Creviced piston heads, with an inner diameter of 38.2 mm, were used in order to improve the post-compression temperature homogeneity in the combustion chamber [30] . The compression ratio was approximately 13:1 in this study. Experimental compression times are relatively short at approximately 16 ms compared to > 20 ms in single piston RCM facilities [31] [32] . In order to attain the desired pressure and temperature at the end of compression, the initial pressures and temperatures and inert gas compositions (N 2 , Ar and CO 2 ) were varied. A silicone-coated pressure transducer (Kistler; 603B) was installed in the combustion chamber and pressure traces were recorded using a digital oscilloscope (Pico Technology; PicoScope 4244 PC Oscilloscope). The compressed gas temperature was calculated using Gaseq [33] . Figure 1 shows a typical pressure trace obtained from the NUIG rapid compression machine. The ignition delay time was defined as the time interval between the time of maximum pressure near the end of compression and the maximum rate of rise of the pressure signal due to ignition. Non-reactive experiments were performed in which oxygen was replaced by nitrogen in a mixture, in order 6 to obtain pressure-time histories which are converted to volume-time histories to be used in chemical kinetic simulations to simulate the effects of compression and heat loss. Details of the facility and experimental procedures are given in [34] [35] . The RCM heating system was updated to ensure no condensation of n-butylbenzene, which has a saturation vapor pressure of 0.13 kPa at 298 K [36] . A double-stranded heating tape (Flexelec, 250 W) was wrapped around the surface of the combustion chamber and two double-stranded heating tapes (Flexelec, 250 W) were wrapped along the length of the two sleeve sections of the RCM. Insulation (Zetex 1000) was wrapped over the heating tape. Six cartridge heaters (hotrod® Type HHP 6.5 mm) were inserted into the sleeve wall around the piston head at the start of the compression. In total, twelve cartridge heaters were used for both sleeves. The heating tapes and the set of the six cartridge heaters were connected to five thermostats (CAL Controls; CAL 9900). Ten thermocouples were placed on the surface of the sleeves and of the combustion chamber. Five thermocouples were connected to the 7 thermostats to control the temperature while the others were used to monitor the temperature to ensure homogeneity. Figure 2 shows some examples of temperature profiles inside the sleeve. Typically, a temperature drop may be observed near the piston head since heat loss through the piston head and through the rod can be significant. However, the present heating system worked well and we did not observe an appreciable temperature drop near the piston head. The variation of the temperature profiles is approximately ±1.0 K. The heating system was extended to the manifold and to the two mixing tanks where several double-stranded heating tapes (Flexelec, 1250 W) and insulation (Zetex 1000) were used. Two thermostats (CAL Controls; CAL 9900) were used for the manifold and one mixing tank and, overall, six thermostats were used for the manifold and for the two mixing tanks.
Twelve thermocouples were placed on the surface of the manifold and the mixing tanks. Six thermocouples were connected to the thermostats to control the temperature and the others were used to monitor the temperature to ensure homogeneity and that no cold spots occurred.
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All mixtures were left for at least one hour before use in both the RCM and in the shock tube to ensure homogeneous charge composition. Mixture compositions were verified by in-situ testing using an infra-red laser system described in detail in [37] similar to that used by Mével et al. [38] who studied gas phase absorption cross sections at 3.39 μm to determine the concentration of twenty-one liquid hydrocarbons in the temperature range 303-413 K using an infrared He-Ne laser. Figure 3 shows the evolution of -(1/L).ln(I/I 0 ) as a function of the fuel concentration for n-butylbenzene. Using this correlation, we were able to verify that no n-butylbenzene condensation occurred in our RCM experiments and the n-butylbenzene concentration measured in the shock tube was same as the concentration computed from its partial pressure in the mixing tank. equivalence ratio of 2.0 were not possible. This gave a total of 11 different experimental data sets. Estimated uncertainty limits of the measurements are ±5 K in compressed gas temperature, ±5% in compressed gas pressure, and ±10% in ignition delay time.
Shock tube
Ignition delay times were measured at high temperature using a high-pressure shock tube.
The previous shock tube [20] was replaced so that we could perform higher pressure experiments with the operational pressure limit of the present shock tube being approximately 100 atm. Ignition delay times of n-butylbenzene/air mixtures at 50 atm were newly obtained and those at lower pressure were published previously [22] . The size of the present shock tube is the same as that of the previous one (9.0 m in length; 63.5 mm in the internal diameter). A double-diaphragm section divides the tube into a 3 m long driver section and a 5.7 m driven section. Aluminum plates were used as the diaphragm material, where the thickness of the diaphragms was chosen depending on the desired final shock pressure and varied from 0.8-2.0 mm. A helium (99.99% pure; BOC) and nitrogen (99.99% pure; BOC) mixture were used as the driver gas, where the mixing ratio was chosen depending on the desired final shock pressure and test duration and varied from 75:25 to 100:0 (He:N 2 ). Six pressure transducers on the sidewall (PCB; 113A24) and one at the endwall (Kistler; 603B) were used to measure the velocity of the incident shock wave, which was used to calculate the temperature of the mixtures behind the reflected shock wave using the program Gaseq [33] .
The uncertainty of temperature behind the reflected shock wave was estimated to be ±15 K.
Pressures behind the reflective shock wave were measured using the pressure transducer in the endwall. Pressure traces were obtained using two digital oscilloscopes (TiePie Handyscope HS4 oscilloscope). The ignition delay time was defined as the interval between the rise in pressure due to the arrival of the incident shock wave at the endwall and the maximum rate of rise of the pressure signal. The pressure rise before ignition is approximately 10 3 %/ms in the present shock tube.
A heating system was designed and installed on the driven section and manifold of the shock tube to ensure that no condensation of n-butylbenzene occurred. Double-stranded heating tapes (Flexelec, 1250 W) were wrapped along the length of the driven section and along part of the driver section with thermocouples positioned at regular intervals. The heating tapes and thermocouples were connected to thermostats (DigiTrace ICON 4848).
Rock wool insulation was wrapped over the heating tape and covered with an insulating blanket to ensure minimal heat loss to the atmosphere. This heating system maintained temperatures within ±1.0 K.
The heating system was extended to the manifold where three rope heaters (Omega, FGR) and one single-stranded heating tape (Flexelec, 1250 W) were wrapped directly onto the surface of the manifold. The ropes and heating tape were attached to four separate thermostats (Vulcanic 30633, 2 amp output), controlled by thermocouples. The sensors measured the temperature at different locations to ensure homogeneity and no cold spots. The heating ropes and tape on the manifold were finally wrapped with insulation tape (Zetex 1000). The heating system design used on the driven section of the shock tube was repeated to heat the two mixing tanks used herein, with three thermostats (Flexelec, 16 amp) used per tank. Estimated uncertainty limits of the measurements are ± 1% in reflected shock temperature, T 5 , and ± 15% in ignition delay time, t. Mixtures were prepared in the heated mixing tanks. The fuel was injected via an injection port on the tank using a gas-tight syringe (SGE Analytical Science, 5ml volume, 008760). To ensure no fuel condensation in the tank, the fuel partial pressure was maintained at a value less than one third that of the fuel vapor saturation pressure at the given temperature. The amount of the fuel injected was controlled by measuring the tank pressure using an MKS pressure transducer and also by using the difference of weights of the syringe before/after the injection using an electric balance. Thereafter, oxygen and diluent were added to the tank to the desired pressure. The uncertainty of mixture concentration was estimated to be ±2%.
Mixture preparation
Chemical kinetic modeling
A revised chemical kinetic model for n-butylbenzene has been developed. The molecular structure of n-butylbenzene is given in Fig. 4 with the various radical sites on the n-butyl side-chain labeled for use in this section and later in the paper. The present chemical kinetic model was initially derived by merging the recently published
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C 0 -C 4 kinetic mechanism developed at Galway (AramcoMech 1.3) [39] with the toluene mechanism by Metcalfe et al. [40] and the alkyl-aromatics sub-mechanism published previously by Darcy et al. [41] . This mechanism has been extended to include more detailed cyclopentadiene chemistry, including the addition and recombination reactions of Ċ5H5 radicals to form larger aromatic species. These modifications included the adoption of reaction rates derived from the theoretical study performed by Cavallotti et al. [42] and were verified through the validation against flow reactor data by Butler and Glassman [43] . A more extensive description of heavier aromatic species, such as indene and naphthalene has also been introduced, including the reactions leading to the formation and the subsequent oxidation of naphthalene and indene. The sub-mechanism for these polycyclic aromatic species has been derived from the Narayanaswamy et al. mechanism [12] . A more detailed discussion on the changes introduced in the toluene submechanism can be found in [44] .
The alkyl aromatic mechanism (including ethylbenzene, n-propylbenzene and n-butylbenzene) is based on the mechanism proposed by Diévart and Dagaut [23] . In our prior work [41] , the n-propylbenzene portion of the model was updated by revising the reaction rate constants for the hydrogen abstractions on the alkyl chain of the fuel. These changes have been extended to the butyl benzene portion of the mechanism adopting the same reaction rules of [41] . Similarly, the secondary benzyl radical + HȮ 2 reaction leading to the formation of the benzoxy and radicals has been set to 1 × 10 13 cm 3 mol -1 s -1 , as proposed in [40] for the primary benzyl radical of toluene. Beta-decomposition reactions of the phenyl-butyl radicals were specified in the exothermic direction.
The existing low temperature mechanism for n-butylbenzene has been modified using the low temperature mechanism of 1-hexene as a model. Both fuels, 1-hexene and butylbenzene, have a 4 carbon saturated chain where the first secondary carbon site can generate a resonantly stabilized radical. For this reason, the reaction rates for the low temperature 13 branching paths active on the alkyl chain of the fuel molecules were directly derived from the alkene mechanism by Mehl et al. [45] , assuming that the allylic site in the olefin chain corresponds to the benzylic one present in the aromatic structures. The use of a set of reaction rates derived from a consistent body of reaction rules developed over the years by the NUI/LLNL combustion group allowed for the compilation of an integrated and systematic approach to the modeling of alkyl aromatics, resulting in more reliable predictions of the branching ratios of different fuels belonging to this class of compounds.
As described in our recent n-propylbenzene paper [44] , the addition reactions of the benzyl radical to molecular oxygen, an important step in the low temperature mechanisms of alkylbenzenes in general, have been derived by fitting over the temperature range of interest (600-900 K) the reaction rates that have been theoretically calculated by Murakami et al. [46] for the xylyl + O 2 system. The reaction rate for the concerted elimination of HȮ 2 radical from the alkylperoxy species have been derived from Altarawneh et al. [47] , as in [44] .
The thermodynamic properties for the low temperature species involved in the n-butylbenzene mechanism were estimated using the THERM program developed by Ritter and Bozzelli, implementing Benson's group additivity method [48, 49] . These new estimations corrected significant errors in the thermodynamic parameters for the low temperature n-butylbenzene species compared to the previous model. Also, critical Ṙ-O2 bond energies were updated with the new THERM estimates. For the alpha radical (4-phenylbut-4-yl radical)-O2 (secondary benzylic), the new value resulting from the updated THERM calculations is now 23.7 kcal mol -1 , a value reasonably close to the 24.6 kcal mol -1 proposed by [47] . This bond energy is significantly higher than for benzyl-O2 (primary benzylic) of 19.7 kcal mol -1 based on the thermodynamic properties we are using for benzyl [40] and ṘO2 radicals from THERM. It is worth stressing how these values are significantly lower than the Ṙ-O 2 bond strength calculated for non-resonantly stabilized secondary alkyl dependence of ignition delay times in the shock tube regime at an equivalence ratio of 0.3 is less than that at the other equivalence ratios. Focusing first on the equivalence ratio of 0.3 ( Fig. 5a ), ignition delay times at all pressures exponentially increase with an increase in inverse temperature. However, for the 50 atm curve in the low-temperature regime, (at approximately 10 4 K / T > 11.5, T < 870 K) the slope of the curve decreases significantly.
Similar trends can be seen at the equivalence ratio increases to 0.5 ( Fig. 5b ) and 1.0 (Fig. 5c ).
The increase of ignition delay time with an increase in inverse temperature is very small or nearly constant in the low-temperature regime at 30 and 50 atm. At an equivalence ratio of 2.0 ( ), the RȮ 2 species for n-butylbenzene tends to decompose to Ṙ + O 2 and not then undergo low temperature pathways (discussed later) that lead to chain branching as readily as n-butane. As a result, NTC behavior for n-butylbenzene is seen only at high-pressure and higher fuel/air equivalence ratio (≥ 1.0)
conditions that are very favorable for low temperature chemistry. computations using the present chemical kinetic model (Fig. 5) , where the current model has significantly improved predictions of ignition delay times. Preliminary tests however shown that these differences only account for a fraction of the deviation observed between the two models, and most likely dissimilarities in the C0-C4 mechanism and in the general reaction rules adopted to generate the model are responsible for the reduced reactivity of the Husson et al. mechanism compared to the current one. Figure 7 shows the effect on ignition delay times of varying the equivalence ratio for pressures of 10, 30 and 50 atm. This is the same ignition delay data presented in Fig. 5 , but plotted to more easily see the effect of equivalence ratio. Experimental ignition delay times in the RCM decrease with an increase of equivalence ratio at all pressures. For the shock tube results, ignition delay times at 10 atm are almost insensitive to equivalence ratio. The equivalence ratio dependence of ignition delay times increases with an increase in pressure.
Effect of equivalence ratio on ignition delay time
For the 10 atm experimental results in RCM (Fig. 7a) , ignition delay times are linear for equivalence ratio of 0.3, 0.5 and 1.0 on a logarithmic scale as a function of inverse temperature. However, this linearity is only for an equivalence ratio of 0.3 at 30 atm (Fig. 7b) and no linearity is observed at 50 atm (Fig. 7c) . The NTC behavior or the near-NTC behavior can be seen in the other conditions. The chemical kinetic model follows the experimental behavior relatively well up to an inverse temperature of about 12 (corresponding to about 800 K). For temperatures below this, the computed ignition delay times in the RCM (represented by the dashed curves), are in general shorter than the experimentally measured times and more NTC behavior is seen in the model compared to the experiments. These are discrepancies in ignition delay corresponding to factors of about 1.5 to 9 for the 12 different cases. The following reaction flux and 20 sensitivity analysis will help to identify the reason for these differences and point to the areas where further work is needed to understand the low temperature chemistry of alkylbenzenes. 
Reaction flux analysis
A reaction flux analysis was carried out at  = 1.0, 30 atm and at 15% fuel conversion for a series of temperatures (750, 1000 and 1400 K) in order to investigate the important reactions controlling n-butylbenzene oxidation. The temperatures of 750, 1000 and 1400 K sample the temperature regions corresponding to low, intermediate and high temperature chemistry.
The five major reaction pathways for n-butylbenzene are shown in Fig. 8 . Black, red and blue numbers labeling the pathways represent percent consumption of n-butylbenzene at 1400, At 750 K, the main consumption pathways for n-butylbenzene are H-atom abstraction reactions from the alkyl chain, mainly by ȮH radicals. Strong selectivity on the alpha-site (Fig. 4) is observed (33.2% with ȮH, 44.7% for all radicals). Selectivity on the beta site (Fig.   4) is the same as that on the gamma site (17.4% with ȮH, 20% with all radicals) since these sites use the same reaction rate rule. Selectivity on the delta-(primary) site shows the smallest flux among the H-atom abstraction reactions (9.7% with ȮH, 11% with all radicals). At this low temperature, unimolecular fuel decomposition hardly proceeds. These trends are also observed at 1000 K. However, the importance of H-atom abstraction reactions by ȮH radical 22 at 1000 K is lower compared to that at 750 K (ex. 33.2% at 750 K and 26.7% at 1000 K for the alpha site) while the importance of H-atom abstraction reactions by HȮ 2 radical at 1000 K is slightly higher than that at 750 K (ex. 5.7% at 750 K and 7.5% at 1000 K for the alpha site).
At 1400 K, unimolecular fuel decomposition is dominant and the H-atom abstraction reactions are far less important compared to the lower temperature conditions. Figure 9 shows reaction pathways for the consumption of alpha (4-phenylbut-4-yl) radical.
Since little alpha radical is formed at 1400 K, only fluxes at 750 and 1000 K are shown in the figure. At 750 K, the alpha radical mainly reacts with peroxyl radicals and 4-phenylbut-4-oxidanyl radical is formed. This radical subsequently decomposes to benzaldehyde and an n-propyl radical. Benzaldehyde is one of the important intermediates experimentally observed at low temperature oxidation of n-butylbenzene below 800 K [22] and the mechanism employed in that study greatly underpredicted its concentration. A fraction of alpha radicals (13.7%) react with O 2 and 4-phenylbut-4-ylperoxy radicals are formed, which are mainly converted (50.8%) to phenyl radicals through a sequence of isomerization, O 2 addition, ȮH production and decomposition reactions. This is the path that is mainly responsible for low temperature chain branching through the production of ȮH radicals. A fraction of 4-phenylbut-4-ylperoxy radicals (17%) are also converted to 1-butenyl-benzene which reacts with ȮH radical and decomposes to benzaldehyde + n-propyl radicals and benzyl radicals + propanal. Propanal was also an important low temperature intermediate observed by Husson et al. [22] for n-butylbenzene oxidation. At 1000 K, on the other hand, alpha radicals mainly decompose to styrene and ethyl radicals, while its addition to O 2 hardly occurs. There are three major reaction channels from 4-phenylbut-3-ylperoxy radicals: 2-phenylethyl radical formation via 2-butenyl-benzene formation; 1-butenyl-benzene formation via HȮ 2 radical elimination; and 1-butenyl-benzene formation via isomerization. The 1-butenyl-benzene so produced reacts with ȮH radicals and decomposes to benzaldehyde + n-propyl radical and benzyl radical + propanal, as shown in Fig. 9 . At 1000 K, nearly half of all beta radicals react with O 2 to generate 4-phenylbut-3-ylperoxy radicals. Reaction pathways of the 4-phenylbut-3-ylperoxy radical are the same at 1000 K compared to those at 750 K.
The other half of all 4-phenylbut-3-yl radicals are converted to 2-propenyl-benzene. There are three major reaction channels from 2-propenyl-benzene: 2-phenylethyl radical formation; benzyl radical formation; and indene formation. and ȮH formation reaction. The 2-benzyl-3-methyloxirane so produced is oxidized to styrene + acetyl radical and benzoyl radical + propylene by reaction with ȮH and HȮ 2 radicals. A fraction of 4-phenylbut-2-ylperoxy radicals is converted to 2-butenyl-benzene and 3-butenyl-benzene. 2-butenyl-benzene decomposes to 2-phenylethyl radical as shown in Fig.   11 . There are two major reaction pathways from 3-butenyl-benzene: decomposition to 3-phenylprop-1-yl, which is also produced in H-atom abstraction reactions of 25 n-propylbenzene [44] ; and benzenepropanal formation. The benzenepropanal is converted to 2-phenylethyl radical via H-atom abstraction by ȮH and HȮ 2 radicals and via decomposition reactions. At 1000 K, 39.6% of gamma radicals decompose to a benzyl radical and propylene. The remainder reacts with O 2 to form the 4-phenylbut-2-ylperoxy radical. The main consumption pathway of 4-phenylbut-2-ylperoxy radical is via an isomerization reaction to 2-benzyl-3-methyloxirane. However, the importance of the isomerization reaction is lower at 1000 K than at 750 K. Thus, the importance of the other two reactions (2-, and 3-butenyl-benzene formation) are higher at 1000 K compared to those at 750 K.
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As shown in Fig. 8 , there is no significant difference in the importance of H-atom abstraction reactions at temperatures between 750 K and 1000 K. However, reaction pathways following the H-atom abstraction reactions at 750 K are quite different from those at 1000 K.
Typical low-temperature alkyl radical plus molecular oxygen, Ṙ+O 2 , and RȮ 2 ⇌QOOH isomerization reactions mainly proceed at 750 K, while the fraction of alkyl radical, R, that decomposes to smaller species is very small. As a result, intermediates in the reaction pathways at 750 K are different from those formed at 1000 K. Since the unimolecular decomposition is significant only at 1400 K, fluxes only at 1400 K are shown. There are two major reaction pathways from the benzyl radical: two benzyl radicals react and bi-benzyl is formed; and benzyl radical reacts with methyl radical to form ethylbenzene. Ethylbenzene undergoes H-atom abstraction reactions to form 1-phenylethyl and 2-phenylethyl radicals. These radicals are subsequently oxidized to styrene. A fraction of 2-phenylethyl radicals decompose to a phenyl radical and ethylene. Therefore, ethylbenzene oxidation plays an important role in the reaction pathway of n-butylbenzene subsequent to unimolecular fuel decomposition.
Sensitivity analysis
A brute force sensitivity analysis including all rate constants was performed using CHEMKIN-Pro at temperatures of 750, 1000 and 1400 K and at a pressure of 30 atm and at an equivalence ratio of 1.0. The analyses were performed by increasing and decreasing both the forward and reverse rate constants by a factor of two, with a sensitivity coefficient expressed using the formula:
A positive sensitivity coefficient indicates an inhibiting reaction while a negative sensitivity coefficient indicates a reaction promoting reactivity. Reactions with sensitivity coefficients higher than 0.1 and lower than -0.1 are shown in Fig. 13 . We have classified the selected reactions into six groups for explanation: (A) H-atom abstraction reactions on n-butylbenzene For H-atom abstractions by ȮH radicals (Group A), the sensitivity coefficients at 750 K are higher than those at 1000 K and 1400 K. On the other hand, for abstraction by HȮ 2 radicals (Group B), the sensitivity coefficients at 1000 K are higher than those at 750 and 1400 K. The fuel decomposition reactions (Group C), significantly promote reactivity only at 1400 K, with a lesser contribution at 1000 K.
All reactions of Group D can be seen in the low-temperature oxidation process following alpha (4-phenylbut-4-yl) radical (Fig. 9) . Alpha radical reacts with molecular oxygen to from 4-phenylbut-4-ylperoxy radical, named PHC4H8OJD in Fig. 13 . There are competitive reactions for 4-phenylbut-4-ylperoxy radical consumption: (D1) 1-butenyl-benzene + HO 2 formation reaction and (D2) 4-phenylbut-4-hydroperoxy-2-yl radical (named BBZQDRB in Fig. 13 ) formation reaction (Path 2 in Fig. 9 ). At 750 and 1000 K, D1 inhibits reactivity while D2 promotes reactivity. The 1-butenyl-benzene which is produced in D1 reacts with ȮH radicals to generate benzaldehyde. On the other hand, 4-phenylbut-4-hydroperoxy-2-yl radical produced in D2 goes to phenyl radical through O 2 addition, ȮH radical production and decomposition reactions. In this reaction path (Path 1 in Fig. 9 ), for each radical entering the reaction chain, three radicals are produced. Path 2 is a chain propagating path leading to HO 2 formation while Path 1 corresponds to the degenerate branching path promoting the low temperature reactivity. As a result, D1 shows a positive sensitivity coefficient while D2 shows a negative one. Moreover, D3 is one of the ȮH radical production reactions in Path 2. D3
shows a negative sensitivity with a faster reaction rate of D3 promoting reactivity. D2 and D3
are rate controlling steps in Path 2. Note that D2 and D3 can be classified as RȮ 2 ⇌QOOH and Ȯ 2 QOOH⇌carbonylhydroperoxide+ȮH, respectively.
The reactions of small hydrocarbons (Group E) promote reactivity only at 1400 K. For the hydrogen-oxygen reactions (Group F), the ȮH radical formation reaction, H 2 O 2 (+M) ⇄ȮH+ȮH(+M), through the H 2 O 2 formation reactions, RH+HȮ 2 ⇄Ṙ+H 2 O 2 and HȮ 2 +HȮ 2 ⇄H 2 O 2 +O 2 , significantly affect reactivity at 700 and 1000 K. On the other hand, the chain-branching reaction, Ḣ+O 2 ⇄Ö+ȮH, strongly promotes reactivity only at 1400 K.
Discussion
n-Butylbenzene exhibits low temperature chemistry and NTC behavior as observed experimentally in the RCM for the higher pressure and equivalence-ratio cases. NTC behavior is also observed for n-butylbenzene in other RCM experiments [9] and in jet stirred reactors at 30 1 atm and 10 atm [22] . However for alkylbenzenes with shorter alkyl chains like n-propylbenzene, ethylbenzene and toluene, NTC behavior is not observed in the RCM [9] .
Why is NTC behavior present for n-butylbenzene, but lacking for the alkylbenzenes with a shorter alkyl chains? Based on our study, we attribute the presence of NTC behavior in n-butylbenzene to two reasons. The first reason is the stronger Ṙ-O 2 bond on the alpha site in n-butylbenzene (a "secondary" benzylic site) compared to the case of toluene (a "primary" allylic site). The bond strength is about 4 kcal stronger in the n-butylbenzene case. Although the RȮ 2 adduct for a secondary benzyl radical is much less stable than its alkyl counterpart, this higher activation energy of the decomposition allows for long enough "lifetime" to proceed to further reactions. The second reason is the presence of a facile 6-membered ring isomerization for the alpha-RȮ 2 in n-butylbenzene but not in n-propylbenzene. The extra CH 2 group in n-butylbenzene compared to n-propylbenzene allows the abstraction of "secondary" H-atoms from the gamma carbon compared to "primary" H-atoms for the gamma carbon in n-propylbenzene. The bond strength for a secondary H-atom is about 3 kcal mol -1 lower than a primary H-atom leading to a lower activation energy and a faster rate for the associated RȮ 2 isomerization in n-butylbenzene. This RȮ 2 isomerization in n-butylbenzene was identified by sensitivity analysis as the reaction (D2) that most promotes ignition at low temperature (750 K, Fig. 13 ).
The low temperature branching path competes with the concerted elimination of HȮ 2 . Rate controlling steps for these two paths show up in the sensitivity analysis as the more relevant at 750 K, where the model shows the largest discrepancies with the experiments. Although the reaction rates we included in the mechanism for these reactions are derived from the best available estimations available as of today, high uncertainties are still present. Very limited fundamental studies are available for the oxidation chemistry of secondary allyl radicals and 
Comparison with n-propylbenzene
Additionally our experimental data has been compared with n-butylbenzene data from a supplementary publication by Darcy et al. [44] . This experimental data was carried out to correspond with the data from this paper. n-Propylbenzene was studied in both the RCM and shock tube over the temperature range of 650-1600~K at pressures of 1, 10, 30 and 50 and at nominal equivalence ratios of 0.3, 0.5, 1.0 and 2.0. The precise equivalence ratios (Table 2) differ slightly from our n-butylbenzene data. Table 2 shows reactant mixture compositions of n-propylbenzene used in this study. At lower temperatures the reactivity of n-butylbenzene becomes stronger which results in faster ignition delay times observed in both experiments and model predictions. The longer alkyl side chain of n-butylbenzene is important at low and intermediate temperatures, which allows more facile intra-molecular hydrogen atom isomerization reactions in the case of n-butylbenzene compared to n-propylbenzene. It is interesting to note is that only at fuel-rich conditions do we observe any negative temperature coefficient behavior for n-butylbenzene and it is not observed at all for n-propylbenzene, Fig. 14(d) . shows longer ignition delay times at lower temperatures while at higher temperatures there is a convergence of the data where it seems to have almost identical reactivity. This is understandable as the main chain branching at higher temperatures is:
Ḣ + O 2 = Ö + ȮH which is dependent upon the concentration of molecular oxygen which is maintained constant in the reactant mixtures for each fuel. As the O 2 concentration is quite similar in both mixtures the high temperature reactivity is quite similar. Once again at lower temperatures, the alkyl group determines the fuel's reactivity and, while both fuel mixtures have similar compositions at the varying equivalence ratios, n-butylbenzene has a longer (C4) alkyl side chain compared to n-propylbenzene (C3). Low temperature chemistry is dominated by chain branching and chain propagation reactions and internal hydrogen atom isomerization reactions involving 5-, 6-, 7-, and 8-membered transition state ring structures. These are more facile as the alkyl side-chain length becomes longer.
At 50 atm reflected shock pressures, Fig. 16 , similar trends are observed to those which have already been discussed in which as the temperature decreases n-butylbenzene shows higher reactivity as opposed to n-propylbenzene. Once again NTC-like behavior is observed for n-butylbenzene while it is not prevalent for n-propylbenzene conditions. 
Conclusions
A comprehensive study of n-butylbenzene oxidation in air was carried out using a rapid equivalence ratio conditions. Some discrepancies between model calculations and experiments were observed in the low temperature region. The detailed and complicated process of n-butylbenzene oxidation was examined via reaction flux analysis and important reactions were identified by both analyses. In the high-temperature region, the fuel decomposition reaction and Ḣ + O 2 = Ö + ȮH dominated the sensitivity and reactions of small hydrocarbons showed higher sensitivity to ignition delay times. In the low-temperature region (600-1000 K), predicted ignition delay times showed high sensitivity to the low-temperature oxidation pathways, particularly to the alpha (4-phenylbut-4-yl) radical, and subsequent RȮ 2 ⇌QOOH and Ȯ 2 QOOH⇌carbonylhydroperoxide+ ȮH reactions. These results highlight the need for a more extensive fundamental investigation of the low temperature oxidation paths of alkyl aromatic structures with particular emphasis on the secondary benzyl + O 2 system.
A comparison was made between n-propylbenzene and n-butylbenzene data obtained over the same range of conditions. A consistent trend was observed throughout the data in which the reactivity of both fuels is very similar while at high temperatures but n-butylbenzene was shows higher reactivity than n-propylbenzene at lower temperatures. This difference at low temperature was attributed to the wider variety of low temperature reactions available to the n-butyl compared to the n-propyl side-chain.
